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INTRODUCTION

The world’s energy demands are increasing 
while fossil energy sources are dwindling, which 
is the main reason for using solar energy sources 
(Shah et al., 2023). Solar energy sources in tropi-
cal areas, such as Indonesia, have a high potential 
for development because they are abundant, en-
vironmentally friendly, and renewable. Electrical 
energy can be fulfilled by converting light into 
electricity based on the photoelectric principle of 
solar cell devices. For the first time, O’Regan and 
Gratzel discovered a low-cost photovoltaic cell 
known as dye-sensitized solar cells. This technol-
ogy was constructed with transparent conductive 

substrates, dye, electrolyte, semiconductor, and 
counter electrode (O’regan & Grätzel, 1991). 
The dye acts as a photon catcher, and other com-
ponents execute the trapped photons to obtain 
electrons. Sensitizers (dye) can be obtained from 
various sources, either synthetic or natural. Syn-
thetic dyes such as ruthenium, osmium, and other 
metal complex-based dyes were reported as the 
most stable and effective for dye-sensitized solar 
cells (DSSC) (Dhonde et al., 2022; Huang et al., 
2018). However, synthetic dyes have drawbacks 
in complex chemical processes, not environmen-
tally friendly or toxic, limited availability, and ex-
pensive fabrication (Alkali et al., 2022; Mejica et 
al., 2022; Yadav et al., 2023). Therefore, we need 
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a sensitizer that is abundantly available, easy to 
extract, friendly to the environment, and simple 
and inexpensive to fabricate (Adedokun et al., 
2021; Oladeji et al., 2022; Yadav et al., 2023).

Development of using natural dyes as sen-
sitizers have been reported (Aliah et al., 2018; 
Erande et al., 2020; Najihah et al., 2022; Pu-
rushothamreddy et al., 2020). The natural dyes 
can be obtained from plants such as fruit, flow-
ers, roots, and leaves (Abdel-latif et al., 2015; 
Al-Alwani et al., 2017; Madnasri & Ati, 2021; 
Prakash & Janarthanan, 2023) or algae and bac-
teria (Orona-Navar et al., 2021). Pigments that 
can be produced from plants include betalain 
(Guerrero-Rubio et al., 2020), anthocyanins 
(Obi et al., 2020), chlorophyll (Diantoro et al., 
2019), etc. Betalain is one of the pigments that 
could produce high photo-current conversion. 
Betalain can be in terms of betaxanthin or beta-
cyanin. Sinha et al. extracted betaxanthin from 
Curcuma longa with an ethanol solvent. They 
obtained a cell efficiency of 0.33% (Sinha et al., 
2018). Purushothamreddy et al. extracted beta-
cyanin from Prickly fruit with ethanol solvent. 
They achieved a cell efficiency of 0.5% (Purush-
othamreddy et al., 2020). Obi et al. achieved cell 
efficiency of 0.65% by extracting Prickly pear 
fruit with methanol/water (Obi et al., 2020). Ac-
cording to the literature, the type of solvent also 
affected the extracted dye, which can show bet-
ter performance. It is due to the dye having dif-
ferent solubility that depends on their polarity, 
which influences the cell efficiency (Adedokun 
et al., 2018; Hemmatzadeh & Jamali, 2015; Obi 
et al., 2020). However, many of these studies 
concentrated on employing limited extraction 
solvents for certain natural pigments.

This study used the fruit of Rivina humilis 
L as a natural dye source. It is a wild plant that 
grows in colonies on black soil with a height of 
about 120 cm (M.I. Khan et al., 2011). A group 
of pigments known as betalain is discovered in 
plants in the order Caryophyllales (Gandía-Her-
rero et al., 2016). The two families of betalain 
are betaxanthins, which seem yellow-orange, 
and betacyanins, which comprise red-violet pig-
ments (Strack et al., 2003). The Rivina humilis L. 
fruit was extracted with different solvents such as 
aquades, acetone, and ethanol 96%. The absor-
bance of the extracted dye and its electrochemical 
property were analyzed. The effect of three dif-
ferent solvents was studied for optimizing a low-
cost dye-sensitized solar cell construction.

METHODOLOGY

Preparation of dyes

Rivina humilis L. fruit was obtained in West 
Java, Indonesia. The fruits were washed using de-
ionized water and dried in the open air for 30 min-
utes. 15 grams of fruit were put into three glasses 
and pounded. Then, the glass containing the col-
lision results was added with 15 mL of different 
solvents. Sample 1 used Aquades, Sample 2 used 
acetone, and Sample 3 used ethanol 96%. Each 
sample was stirred for 15 minutes using a stirrer. 
Afterward, the three samples were allowed to stand 
for 24 hours in dark conditions. After 24 hours, the 
three samples were filtered using filter paper (What-
man) to obtain pure dye from Rivina humilis fruit.

Fabrication of dye-coated TiO2

Three pieces of FTO (Fluorine-Doped Tin 
Oxide) had been used as the substrates. The sub-
strates were purchased from Sigma-Aldrich. The 
substrate’s dimensions were 1.5×1.5 cm. They 
were cleaned for 10 minutes in each solvent with 
DI water, acetone, and ethanol 96%, respectively. 
Then, they were dried for 20 minutes in the open 
air. Titanium anatase paste was prepared by mix-
ing 2 grams of Titanium dioxide powders (Titan 
Oxide anatase, Bratachem, PT. Brataco) with 6.5 
mL of ethanol 96%. The mixture was stirred for 
2 hours using a magnetic stirrer with 300 rpm. 
Afterward, the paste was put on the masked con-
ductive side and squeezed one time in one direc-
tion. This technique is called screen printing (N 
et al., 2017). The TiO2-coated substrate was then 
heated at 400 °C for 10 minutes using a furnace. 
The sample underwent preheating (below 400 
°C) in the furnace because it needed 30 minutes 
to catch from room temperature to 400 °C. The 
temperature was kept at 400 °C for 10 minutes 
and let go down until room temperature. Next, 
the TiO2-coated substrates were immersed in each 
dye solution for 24 hours. After immersion, dye-
coated TiO2 film was rinsed using ethanol 96% 
to remove the non-adsorbed dye and to clean the 
back side of the coated side. Finally, samples are 
ready to characterize.

Characterization of dye 

Edinburgh Instruments DS5 UV-Vis Spec-
trophotometer was used to characterize the 
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absorption of the extracted dyes in the wavelength 
range of 300 nm to 800 nm. The functional groups 
of extracted dye were observed using Fourier 
transform infrared (FTIR) spectroscopy, Thermo 
Scientific Nicolet Is5. The energy level of the dye 
was examined using a potentiostat instrument, 
specifically the PGSTAT101 Metrohm AutoLab, 
which was connected to a computer containing the 
NOVA 1.11 software. An electrochemical mea-
surement was conducted using three electrodes 
cell configuration. The working electrode (WE) 
consisted of a carbon paste electrode, the counter 
electrode (CE) utilized a Pt-wire, and the reference 
electrode (RE) employed an Ag/AgCl electrode. 
The samples were measured under the iodide/tri-
ode solution as an electrolyte. The electrolyte was 
made from Iodine and Potassium Iodide and then 
mixed using PEG 400 solvent. Figure 1 illustrates 
the cyclic voltammetry (CV) measurement set.

RESULTS AND DISCUSSION

Absorbance spectra analysis

The dye solutions are depicted in Figure 2. 
Various solvents produce different colors on the 
extract due to the various pigment components 
extracted (Adedokun et al., 2018). The dye 
slightly loses color when using organic solvents 
(acetone or ethanol).The absorbance spectra of 
the extracted dye with various solvents were ex-
amined using UV-Vis spectroscopy. The spectra 
were recorded at 300–800 nm wavelengths. Us-
ing solvent variations is intended to determine 
the optimization of the dye synthesis in achieving 
the highest light absorption. The absorbance ex-
amination results of dye extraction from Rivina 

humilis L are depicted in Figure 3. It reveals that 
each dye solution absorbs the light at a different 
spectrum. Dye with aquades solvent has two ab-
sorption peaks, one main peak at 453 nm and one 
shoulder peak at 532 nm wavelengths. The peak 
at 453 nm corresponds to an orange band, while a 
peak at 532 nm corresponds to a red-violet band. 
Both peaks are attributed to the betalain compo-
nent (Singh & Shukla, 2022) on the extracted dye 
with aquades solvent. The spectrum of the dye 
solution with acetone solvent appears a broad 
peak in the range of 416–505 nm. In addition, 
the peak of the dye solution with ethanol solvent 
appears at two wavelengths. The one main peak 
is at 450 nm, and the other at 479 nm corresponds 
to an orange band.

The absorption curve of the dye extract from 
Rivina humilis L is similar to the curve for the 
absorption area of   betalain in general (Dias et 
al., 2020). The slight difference in the absorption 
spectra between the three dye solutions is due to 
using different solvents, leading to other photo-
synthetic properties (Biswas et al., 2013). This 
confirms that dye extracted with aquades has pig-
ment properties of betaxanthins (453 nm) (Dias et 
al., 2020; M.I. Khan & Giridhar, 2015; Polturak 
& Aharoni, 2018) and betacyanin (532 nm) (Isah 
et al., 2015). Dye with acetone has pigment prop-
erties of betaxanthins (416–505 nm) (M.I. Khan 
& Giridhar, 2015; Polturak & Aharoni, 2018). In 
addition, a dye extracted with ethanol produces 
betaxanthin pigments. Betacyanin corresponds 
to red-purple, while betaxanthins correspond to 
yellow (Dumbravă et al., 2012; Gandía-Herre-
ro et al., 2016). Based on the spectra above, all 
samples have spectra in the visible light region, 
and they are suitable for DSSC application (M.I. 

Figure 1. Schematic CV measurements
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Khan et al., 2011; Prakash & Janarthanan, 2023; 
Srivastava et al., 2022).

Characteristics of dye-adsorbed TiO2 are also 
studied to know their optical properties, as shown 
in Figure 3b. The pure TiO2 spectrum pattern 
aligns with the UV-Vis spectrum of TiO2 anatase 
observed by ref. (Haque et al., 2017). This means 
the fabricated pure TiO2 film may have an ana-
tase phase. As reported by Haque et al., the TiO2 
anatase has a bit narrower spectrum compared to 
TiO2 rutile (Haque et al., 2017). The absorption 
spectra of the dye-adsorbed TiO2 films indicate a 
noticeable increase in overall absorbance, as evi-
denced by the widening of peaks. Furthermore, it 
was found that the peaks exhibited a slight shift. 
The observed shifts and amplification in the ab-
sorbance can be attributed to two potential fac-
tors. First, incorporating carbonyl groups from the 
dye into TiO2 in the dye/TiO2 composite formation 

results in a Ti-O-C bond, which can generate novel 
defect states and facilitate the introduction of oxy-
gen atoms. The incorporation of an extra oxygen 
atom has the potential to enhance the efficiency 
of light harvesting. Enhancing the efficiency of 
light harvesting is expected to influence the per-
formance of the DSSC positively. Second, after 
immersion of TiO2-based films in the dye solution, 
a reduction in the π* energy level delocalization 
is observed. This phenomenon corresponds to the 
binding of the carboxyl group in the extracted dye 
with the Ti4+ ion. The mechanisms mentioned ear-
lier cause a shift in the absorbance peaks and an 
increase in the intensity of absorption (Ananth et 
al., 2014; Younas & Gondal, 2022).

The band gap energy value can optically be 
found using Tauc’s plot method (Kumara et al., 
2013). The plot method developed by Tauc is 
based on the relationship between the light energy 

Figure 2. The dye solutions of Rivina humilis L.

Figure 3. Absorbance spectra of (a) dye solution, (b) dye-adsorbed TiO2 in different solvents
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represented by the quantity (αhv)2 and the abscis-
sa hv described in the ordinate position. This re-
lationship is then extrapolated to the linear region 
of the absorbance, ultimately reaching zero. Then 
it will be obtained an absorbance coefficient of-
ten denoted by α. The following equation (Eq. 1) 
can be used to figure out the bandgap energy (Eg) 
(A.A. Khan et al., 2022).

 

 

 

(𝛼𝛼ℎ𝑣𝑣)1/𝛾𝛾 = 𝑐𝑐(ℎ𝑣𝑣 − 𝐸𝐸𝑔𝑔) (1) 
 

𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = −𝑒𝑒(𝐸𝐸𝑜𝑜𝑜𝑜 + 4.4)𝑒𝑒𝑒𝑒 (2) 
 
 

𝐸𝐸𝐿𝐿𝐿𝐿𝐻𝐻𝐻𝐻 = −𝑒𝑒(𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟 + 4.4)𝑒𝑒𝑒𝑒 (3) 
 

 (1)

where: α – coefficient of absorbance, c – a con-
stant, v –the frequency of the photon, h 
– the Planck constant, Eg –the band gap 
energy, γ – factor corresponds to the elec-
tron transition type, representing direct 
band gaps for γ = 1/2 and an indirect band 
gap for γ = 2 (Makuła et al., 2018).

The Tauc plot extrapolation results are shown 
in Figure 4. It reveals that the band gap energy val-
ues of dye-aquades, dye-acetone, and dye-ethanol 
at 2.08 eV, 2.34 eV, and 2.45 eV, successively, at-
tributed to their absorption peak around 453–532 
nm corresponding to betaxanthin and betacyanin 
(Dumbravă et al., 2012; Shah et al., 2023). Mean-
while, the band gap energy of pristine-TiO2, dye 
(aquades)/TiO2, dye (acetone)/TiO2, and dye (eth-
anol)/TiO2 are found at 3.1 eV, 1.76 eV, 1.98 eV, 
and 1.79 eV, successively (Fig. 4b). The band gap 
energy gets smaller after dye adsorption, which is 
due to the slight shifting in the spectra, as can be 
seen in Figure 3b. These shifts have two reasons, 
as mentioned above: (1) formation of Ti-O-C bond 
and (2) delocalization π* energy level which is be-
cause of the bonding of carboxylate group in the 
dye with the Ti4+ ion (Younas & Gondal, 2022). As 

reported, the band gap energy value affected the 
solar cell efficiency. The smaller band gap energy 
leads to the highest photo conversion efficiency 
due to the electron’s ease of transfer (Elmorsy et 
al., 2023; Nan et al., 2017). Among all samples, 
the dye (aquades)-adsorbed TiO2 is the most opti-
mum configuration for DSSC application.

Fourier transform infrared spectra analysis

In addition to possessing a high degree of opti-
cal absorption, an essential criterion for an effec-
tive photosensitizer is the presence of chemical 
bonds within the dye pigment that readily an-
chor to the surface of the semiconductor. Figure 5 
reveals FTIR spectra of extracted dyes. It was con-
ducted to understand the chemical bonds better 
and identify the specific functional groups adher-
ing to Rivina humilis L’s dye extract. The x-axis of 
the graph displays the wavelengths corresponding 
to the major absorbance peaks. Primary function-
al groups, particularly O-H (hydroxyl) and C=O 
(carbonyl) functional groups, were evident in all 
samples. These functional groups play an essential 
role in the adsorption and surface bonding to TiO2 
(A.A. Khan et al., 2022; Shah et al., 2023).

A prominent and wide absorption peak was de-
tected at a wavenumber of 3366 cm-1. The observed 
phenomenon can be assigned to the hydroxyl OH 
bonding (Patni et al., 2020; Purushothamreddy et 
al., 2020; Shah et al., 2023). The observed peak 
at 2925 cm-1 and 2854 cm-1 are attributed to ali-
phatic C–H bending vibration (Patni et al., 2020; 
Purushothamreddy et al., 2020; Shah et al., 2023). 
The peak of carbonyl C=O vibration was found at 
1746 cm-1 (Purushothamreddy et al., 2020). The 

Figure 4. Tauc plot photon energy determination of (a) dye extracted 
with different solvents and (d) dye-adsorbed TiO2 films
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C=N vibration was found at 1658 cm-1 (Shah et 
al., 2023). The aromatic C=C bond is found at 
1462 cm-1 wavenumber (Purushothamreddy et al., 
2020). The stretching vibrations are found at 1247 
cm-1 and 1159 cm-1

, assigned to C-O bonding (Shah 
et al., 2023). All stretching vibration peaks were 
assigned to the betalain family pigment, especially 
betacyanin, and betaxanthin (Patni et al., 2020; 
Purushothamreddy et al., 2020; Shah et al., 2023). 
The FTIR results of the extracted dyes from Rivina 
humilis L with various solvents reveal no distinct 
peaks. Therefore, it can be concluded that no ad-
ditional chemical reactions occur in the dye. Dif-
ferent solvents, like aquades, acetone, and ethanol, 
affect only the absorption intensity, as seen in their 
intensity. The order of their absorption intensity is 
aquades > ethanol > acetone.

Electrochemical analysis

In DSSC, the creation of photo-current is de-
pendent on the transfer of electrons from the dye 
to the semiconducting layer’s conduction band. 
The electron transfer process needs a LUMO 
level of the donor that is more positive than the 
acceptor. Conversely, the transfer of holes from 
an acceptor to a donor needs a HOMO level of the 
donor (dye) to be more negative than the accep-
tor. This will decrease the recombination of the 
semiconductor layer interface, thereby improv-
ing the stability of the dye employed in DSSCs. 
HOMO corresponds to the quantity of energy re-
quired to generate the electrons from molecules, 

commonly referred to as oxidation. The LUMO 
refers to the minimum energy necessary for the 
electron injection into a molecule, corresponding 
to a reduction process (Sinha et al., 2018).

Electrochemical characteristics of the ex-
tracted dyes are studied with Cyclic Voltammetry 
(CV). This characterization was conducted to de-
termine the oxidation-reduction reaction and ex-
amine the ability of the extracted dyes to transfer 
the electrons from the LUMO state of the dye to 
the conduction band (CB) of TiO2. Fig. 6 depicts 
the voltammogram curve obtained through scan-
ning within a potential range of +1.0 V to -0.6 V, 
using a scan rate of 100 mV/s. Due to various sol-
vents, the dyes exhibit different electrochemical 
characteristics with irreversible reduction (R1) 
and oxidation (O1). The LUMO and HOMO are 
calculated using Eq. 2 and 3 (Sinha et al., 2018).
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 (3)

where: Eox – the oxidation potential peak, Ered – 
the peak of reduction potential.

This value determines how electrons move, 
channeling the received photons and injecting 
them into TiO2 as a collecting material. Table 1 
summarizes the LUMO and HOMO energy lev-
els of each dye in terms of vacuum energy level. 
The LUMO of the extracted dyes must be more 
positive than the TiO2 CB for electron injection 
to work well (Najm et al., 2023; Sharma et al., 
2023; Sinha et al., 2018). The HOMO of the dye 

Figure 5. Fourier transforms infrared spectroscopy spectra of extracted dye with different solvents
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must possess a more negative value than the en-
ergy level of the electrolyte to attain an efficient 
dye regeneration (Sharma et al., 2023; Sinha et al., 
2018). The LUMO levels of each dye were found 
at -4.64 eV, -4.57 eV, and -4.44 eV for dye extract 
with aquades, acetone, and ethanol, respectively. 
In addition, the HOMO level of each dye was -4.89 
eV, -5.06 eV, and -5.16 eV for extracted dyes with 
aquades, acetone, and ethanol solvents, respective-
ly. It is evident that the LUMO energy levels of the 
extracted dyes exhibit a significant positive energy 
difference compared to the TiO2 CB (-5.11 eV) at 
a vacuum level (Sung et al., 2020). The HOMO 
levels of dyes indicate negative values compared 
to the electrolyte’s energy level (-4.85 eV) (Güzel 

et al., 2018; Sung et al., 2020). This property en-
ables the effective regeneration of oxidized dyes 
via electrolytes. Therefore, the process of injecting 
electrons is energetically advantageous.

CONCLUSIONS

This study aimed to discover the promising 
dyes which can be used in DSSC for high effi-
ciency. The absorption of a single natural dye 
with different solvents has been reported in this 
work. The dyes have absorption spectra in the 
visible light region. The UV-Vis spectroscopy 
confirmed betaxanthin and betacyanin adhere in 

Figure 6. Cyclic voltammogram of the extracted dye with (a) aquades, (b) acetone, and (c) ethanol

Table 1. Summary of the calculated energy levels of the extracted dyes. The conduction and valence band values 
of TiO2 were adapted from the reference [47]

No. Sample Eox (V) Ered (V) LUMO (eV) HOMO (eV) Ref.

1. Dye in Aquades 0.49 0.24 -4.64 -4.89 This work

2. Dye in Acetone 0.66 0.17 -4.57 -5.06 This work

3. Dye in Ethanol 0.76 0.04 -4.44 -5.16 This work

4. TiO2 - - -5.11 (CB) -8.50 (VB) [47]

Note: *CB – conduction band, VB – valence band.
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the extracted dye with aquades solvent, while dye 
extracted with ethanol or acetone produces betax-
anthin only. The FTIR spectroscopy confirmed 
the carbonyl and hydroxyl groups on the dyes. 
These functional groups anchored the dye with 
the TiO2 surface, making higher light absorption. 
The lowest band gap of the dye (aquades) an-
chored TiO2 leads to the easiness of the electron 
to transfer. The energy level of the dye revealed 
that it matched with TiO2 CB and electrolyte en-
ergy levels. Therefore, this promising dye is suit-
able for high absorption in harvesting light. The 
dye (aquades)-adsorbed TiO2 is the optimum con-
figuration for DSSC application.
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